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INTRODUCTION 

The  most  recently  developed  inorganic  based  polymers  that  show  considerable  commercial 
potential  are  the  polyphosphazene  polymers.  In  general  the  polyphosphazene  polymers  consist 
of  a  chain  backbone  of  alternating  phosphorous  and  nitrogen  as  illustrated  in  figure  1 . 

X  For  PBFP  X-OCH2CF3 

-f-P-Niir  For  PB(4-Ph)PP  X-OPhPh 

X 

Figure  1 :  The  basic  alternating  phosphorous-nitrogen  structure  of  the 

poly(phosphazene)  polymer. 

Common  substituents  on  the  phosphorous  atom  may  include  aryl,  alkyl,  aryloxy,  alkoxy,  amino, 
halogens  as  well  as  several  metal  atoms  and  inorganic  groups.  Different  kinds  of  substituents  on 
the  phosphorous  atom  provide  polymers  which  possess  a  wide  variety  of  properties1,2. 

Characterization3,4,5,6,7  of  these  polymers  lags  far  behind  synthesis.  Many  polyphosphazenes 
exhibit  thermotropic  mesophase  behavior.  However  little  is  known  about  the  mechanisms  of 
crystallization  between  the  various  phases  under  isothermal  conditions.  Through  bulk  isothermal 
crystallization  studies,  insight  into  energetics  of  formation  of  the  various  crystalline  phases  may 
be  ascertained.  Recently  work  has  focused  on  the  thermotropic  mesophases  of  small 
molecules8,9,10,11,12,13,14,15  and  some  macromolecules.16,17,18  The  objectives  of  this  research 
were  essentially  threefold: 

1.  to  establish  and  quantify  the  rate  at  which  these  polymers  crystallize, 

2.  to  establish  the  type  and/or  mode  of  crystallization  by  which  these  polymers 
crystallize,  and 

3.  to  examine  the  nature  and  energetics  of  the  crystallization  process  in  these 
polymers. 
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EXPERIMENTAL 


Materials:  In  this  study  two  poiyphosphazene  polymers,  poly[bis(trifiuoroethoxy)phosphazene], 
PBFP,  and  poly[bis(phenylphenoxy)phosphazene],  PB(4-Ph)PP,  were  investigated.  Both 
samples  were  synthesized  via  the  solution  polymerization  technique19.  These  two  materials  were 
characterized  by  DSC,  X-ray,  and  31 P  solution  NMR.  The  NMR  results  revealed  that  neither 
polymer  exhibited  crosslinking  or  branching.  Characterization  data  relevant  to  PBFP6  and 
PB(4-Ph)PP20  are  listed  in  Table  1 . 

Equipment:  Differential  Scanning  Calorimetry,  DSC,  measurements  were  performed  using  a 
calibrated  Perkin  Elmer  DSC-2  equipped  with  a  scanning  autozero  and  interfaced  with  an  IBM-PC 
for  data  acquisition.  All  measurements  were  performed  in  a  nitrogen  atmosphere  and  a  low 
temperature  dry  ice/ethanol  bath  was  utilized  for  rapid  thermal  equilibration  during  sample 
quenching  operations.  Maximum  range  sensitivity  of  0.1  mcal/sec  was  used  for  all  experimental 
determinations.  Samples  weighed  between  8  and  12  mgs.  and  were  sealed  in  aluminum  pans. 
Isothermal  crystallization  measurements  at  several  temperatures  were  carried  out  by  DSC  in  both 
the  sub  Tm  and  sub  T(1)  regions  for  PBFP.  No  DSC  measurements  were  made  for  PB(4-Ph)PP. 

Light  depolarization  measurements  were  carried  out  using  a  Hacker  Instruments  polarizing 
microscope  fitted  with  a  photodiode  for  measuring  light  intensity.  The  signal  from  the  photodiode 
was  amplified  via  a  Phillips  PM5170  amplifier  and  then  recorded  on  a  Hitachi  Ltd.  strip  chart 
recorder.  Temperature  control  of  the  stage  was  accomplished  using  a  calibrated  Mettler  FP-2 
hotstage.  Nitrogen  was  used  to  purge  the  stage  at  all  times  to  prevent  sample  degradation. 
Samples  weighed  less  than  1  mg.  and  were  placed  between  glass  coverslips.  Isothermal 
crystallization  measurements  at  several  temperatures  were  carried  out  in  both  the  sub  Tm  and 
sub  T(1)  regions  for  PB(4-Ph)PP  and  the  sub  Tm  region  for  PBFP.  In  all  experiments  the  sample 
was  fused  above  its  melting  temperature,  then  quenched  to  the  desired  crystallization 
temperature  (40°C/min  via  DSC  and  -25°C/min  via  DLI). 

Photomicrographs  were  taken  in  the  sub  Tm  region  for  both  PBFP  and  PB(4-Ph)PP  and  the 
sub  T(1)  region  for  PB(4-Ph)PP  during  phase  transformations  with  a  Leica  35mm  camera  using 
Kodak  Tri-X  pan  (ASA)  400  speed  film. 

THEORY 


To  characterize  the  rate  and  mode  of  crystallization,  the  familiar  Avrami  equation 
X(t)  -  1-exp(-ktn)  (1) 

was  used  where  k  is  a  temperature  dependent  rate  constant,  n  describes  the  mode  of  nudeation 
and  crystal  growth  and  is  usually  an  integer  between  1  and  4,  and  X(t)  represents  the  fraction  of 
transformed  or  crystallized  material  after  time,  t. 


In  the  DSC  technique  X(t)  is  expressed  as 
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where  AH,  is  the  enthalpy  change  at  time,  t,  AH_  is  the  total  enthalpy  change  of  the  system,  and 
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E,  is  the  rate  of  energy  evolution  at  time,  t. 


In  the  depolarized  light  intensity21  (DLI)  technique  it  is  expressed  as 


X(t)« 


TK 


(3) 


where  l-t  l0,  and  1,  represent  the  transmitted  light  intensity  at  long  time,  initial  time,  and  at  time,  t. 
Avrami  theory  is  useful  for  determining  the  macroscopic  mode  of  crystal  nudeation 
(heterogeneous  or  homogeneous),  the  crystal  growth  habit  (spherical,  circular,  etc.),  and  the 
overall  rate  at  which  crystallization  proceeds. 


Crystallization  in  polymeric  materials  is  generally  nucleation  controlled.  By  means  of  classical 
nudeation  theory  the  energetics  of  formation  of  the  nuclei  are  examined.  Turnbull  and  Fisher22 
have  shown  the  rate  at  which  nudeation  occurs  at  constant  temperature  and  pressure  is  given 
by: 

N  -  N0exp(-AE/kbTc)exp(-AG*/kbTc)  (4) 

.where  N  is  the  nudeation  rate,  N0  is  a  pre-exponential  temperature  independent  constant,  AE  is 
the  temperature  dependent  energy  of  activation  for  transport  from  the  isotropic  phase,  AG*  is  the 
critical  free  energy  of  the  critical  sized  nuclei,  and  kjj  and  Tc  are  the  Boltzmann  constant  and  the 
crystallization  temperature,  respectively.  In  general  AE  is  roughly  constant  at  small  undercooling 
compared  to  the  temperature  dependence  of  AG*.  The  equation  is  basic  to  primary  and/or 
secondary  nudeation. 


If  the  linear  crystal  growth  rate,  G,  is  assumed  a  nudeation  controlled  process,  then  nudeation 
theory  may  be  utilized  to  describe  the  linear  growth  rate  of  the  crystalline  phase  as 

G  -  GQexp(-AEAcbTc)exp(-AG*gA<bTc)  (5) 

where  AG*g  is  the  free  energy  of  formation  of  the  secondary  nudei.  AG*  or  AGg*  has  been 
evaluated  by  several  authors.  Table  2  shows  various  functions  for  AG*  for  different  modes  of 
nudeation  specifically,  3-D  and  2-D  heterogeneous  and  homogeneous  primary  nucleation  based 
on  a  rectangular  equilibrium  shape.  Also  shown  is  the  equation  for  secondary  nucleation  via  the 
coherent,  heterogeneous  mechanism. 


In  the  absence  of  independent  values  of  N  and  G,  the  Avrami  temperature  dependent  rate 
parameter,  k,  may  be  utilized,  through  the  relationship 

k  -  NGZ  (6) 

where  z  is  the  growth  dimensionality  of  the  macroscopic  crystallites.  From  equations  4  and  5  it  is 
possible  to  generate  an  equation  of  the  form, 


In 
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(7) 


where  C0  is  a  constant  embodying  the  transport  terms  as  well  as  G0  and  Nc.  Information  about 
the  surface  free  energies  of  the  critical  nuclei  may  be  obtained  from  the  slope  of  a  plot  of  In  k 
versus  1/T^AT  or  1/TpAT2. 


The  limitations  of  both  the  Avrami  and  classical  nucleation  theories  with  respect  to  polymeric 
systems  have  been  documented23,  but,  within  the  scope  of  these  restrictions,  it  is  possible  to  gain 
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insights  into  the  mechanics  and  energetics  of  the  crystallization  transformations  in  such  systems. 

RESULTS  AND  DISCUSSION 
Transformations  In  PBFP 


(a)  Isotropic  Melt  to  2-D  Region:  The  Avrami  plots  of  this  transformation  obtained  via  the  DSC 
method  are  shown  in  figure  2.  Significant  curvature  is  introduced  in  these  plots  at  short  times  and 
low  conversions  if  the  rate  of  energy  evolution,  E,,  is  not  measured  properly.  This  problem  is  a 
result  of  fluctuations  in  the  energy  signal  from  the  DSC  at  short  times  (~  30  to  120  seconds) 
following  mode  switching  operations,  specifically  from  cooling  to  isothermal  or  isothermal  to 
heating  operations.  An  isothermal  baseline  subtraction  technique  and  an  extent  of  conversion 
recovery  technique  (based  on  comparing  heats  of  fusion  corresponding  to  crystallizations  done  at 
short  times  compared  to  those  done  at  long  times),  were  employed  to  correctly  predict  the  short 
time  extent  of  conversion.  This  significantly  reduced  the  initial  curvature  that  would  result  in  the 
low  conversion  end  of  the  Avrami  plots.  From  linear  least  square  fits  of  the  data  in  the  initial 
linear  portion  of  each  curve,  an  average  value  of  n  was  determined  to  be  2.06  ±  0.1 1 . 
Approximating  a  value  of  n  of  2.0,  values  of  k,  expressed  as  sec'2-0,  were  calculated  at  a 
fractional  conversion  of  0.25.  Avrami  plots  from  the  DLI  measurements  for  the  transformation  are 
shown  in  figure  3.  The  average  value  of  n  was  determined  to  be  1.93*0.07  (by  least  square). 
Again  the  rate  parameters,  k,  were  evaluated  at  a  fractional  conversion  of  0.25  with  n 
approximated  as  2. 

Photomicrographs  of  this  transformation  showed  the  primary  nucieation  to  be  heterogeneous. 
Considering  both  the  DSC  and  DU  techniques  provided  an  n  -  2  for  this  transformation,  it  may  be 
concluded  that  the  growth  habit  of  the  crystallites  is  two  dimensional  from  heterogeneous  nuclei. 

Plots  of  In  k  versus  1/T^T  and  1/T^T2  are  illustrated  in  figures  4  and  5  for  the  DSC  ahd  DLI 
methods,  respectively.  At  comparable  crystallization  temperatures,  k  values  obtained  by  the  DSC 
and  DLI  methods  are  in  agreement.  The  temperature  dependence  of  k  is  both  extremely  large 
and  negative,  decreasing  four  orders  of  magnitude  in  a  crystallization  range  of  6°C.  This  large 
temperature  dependence  of  k  suggests  nucieation  control  for  the  overall  transformation  to  the  2-D 
phase. 

Only  from  the  DLI  data  is  it  readily  apparent  that  the  plot  versus  1/TCAT  is  linear.  The  slopes  of 
the  plots  of  In  k  versus  l/T^T  obtained  via  the  DSC  and  DU  techniques  were  -74,900  and 
-96,100  K2,  respectively.  Assuming  that  2-D  heterogeneous  primary  nucieation  is  applicable  for 
the  calculation  of  the  surface  energies  of  the  critical  nuclei,  then  AG*  -  4/2Aao/(f6f  -  2ce)  may  be 
applied  to  equation  7,  yielding  an  equation  of  the  form, 

412AooT°m  4r60OOe7wm  i 

ln  k  “  Co  ‘  <  /AtfAT-2o,  +  AtfAT  1  ^ 

Two  conditions  apply  to  explain  the  linearity  of  the  plots  of  In  k  versus  1/TpAT,  specifically  (i)  when 
2c,  « IS f  or  (ii)  when  cAc  «  cce.  The  first  condition  is  inappropriate,  since  it  can  be  shown  that 
for  2 oe  -  O.IWSf,  c  would  be  less  than  Ac  and  homogeneous  primary  nucieation  would  be  favored 
over  heterogeneous  nucieation.  This  is  not  borne  out  in  the  photomicrographs  nor  in  most 
crystallization  studies  of  normal  homopolymers  at  such  small  undercoolings.  The  second 
condition  results  when  primary  nucieation  occurs  in  cracks,  folds,  ledges,  etc.,  as  opposed  to  a 


flat  substrate.  This  would  reduce  the  surface  energy  product,  cAc,  in  the  second  term,  so  In  k 
would  be  dominated  by  the  third  term  (the  linear  growth  term).  Photomicrographs  of  the 
transformation  show  the  number  of  nuclei  does  not  increase  substantially  compared  to  the  growth 
rate  as  temperature  is  lowered  over  the  crystallization  temperature  range  investigated.  Thus  the 
linear  growth  rate  appears  more  sensitive  to  temperature  than  the  primary  nucleation  density  over 
this  narrow  temperature  range,  suggesting  that  ooe  »  cAc,  and  equation  8  then  reduces  to: 

slope  -  -8b0ooeT°m/kbAH  (9) 

Here,  for  PBFP,  AH  -  1 .53  cal/cm3,  bc  =  1 1 .8  A,  and  z  «  2,  since  the  results  from  the  Avrami 
analysis  indicate  the  growth  is  two  dimensional.  If  the  average  value  of  the  slope  is  determined 
(-85500  K2),  the  product  of  the  surface  free  energies,  ooe,  is  1.55  ergs2/cm4.  The  product  of  the 
surface  energies24  from  linear  growth  rate  experiments  for  many  common  homopolymers  are  at 
least  two  orders  of  magnitude  greater  than  the  value  determined  here  for  PBFP. 

(b)  2-D  to  3-D  Region:  Figure  6  shows  Avrami  plots  of  this  data.  By  least  squares  fit  of  the 
data  in  the  initial  linear  portion  of  each  curve  an  average  value  of  n-1. 91-0.08  was  obtained. 
Values  of  k  were  determined  utilizing  an  estimated  value  of  n  •  2.0  and  a  fractional 
transformation  of  0.2.  Unlike  the  isotropic  melt  to  2-D  transformation  in  PBFP,  this  transformation 
displayed  a  small  birefringence  change  and  therefore  was  not  readily  amenable  to  measurement 
by  the  DU  method.  It  was  also  impossible  to  calculate  a  nucleation  density  or  the  linear  growth 
rate  from  photomicrographs  in  this  region.  Plots  of  In  k  versus  1/T^T  and  1/TCAT2,  were  made 
for  this  transition  and  are  shown  in  figure  7.  The  low  supercooling  portion  of  the  plot  versus 
1/TpAT  yielded  a  slope  of  -67,400  K2.  This  large,  negative  change  in  the  rate  constants  over  this 
small  crystallization  range  in  addition  to  the  small  undercooling  needed  for  crystallization 
indicates  the  nucleation  was  heterogeneous.  Coupled  with  an  Avrami  nucleation  parameter  of  2, 
it  may  be  concluded  that  the  growth  occurs  in  two  dimensions. 

Two  important  points  may  be  made  about  this  transition.  First,  at  comparable  undercoolings 
from  their  respective  transition  temperatures,  the  2-D  to  3-D  transformation  takes  place  at  a  rate 
that  is  an  order  of  magnitude  faster  than  in  the  isotropic  to  2-D  transformation.  Second,  over  the 
measurable  crystallization  range  (1.2°C),  the  rate  constant  k  changes  by  two  orders  of 
magnitude.  For  extrapolation  to  a  temperature  range  of  6°C  (DU  measurement  range  for  the 
isotropic  to  2-D  transformation),  a  change  in  k  of  over  5  orders  of  magnitude  is  expected.  It  is  this 
fact  that  leads  to  the  conclusion  that  the  crystallization  transformation  is  nucleation  controlled. 
From  the  slope  of  the  high  temperature  end  of  the  plot  of  In  k  versus  1/TgAT,  the  value  of  the 
product  of  the  surface  free  energies,  oo8  was  determined  to  be  30.1  ergs2/cm4  for  AH  -  21.1 
cal/cm3,  bc  -  9.4  A,  and  again  z  -  2.  Although  this  value  is  larger  than  the  value  obtained  for  the 
isotropic  to  mesophase  transformation,  it  is  still  at  least  an  order  of  magnitude  less  than  that 
obtained  for  normal  homopolymers  of  comparable  enthalpy  of  transformation. 

Transformations  in  PB(4-Ph)PP 

(a)  Isotropic  Melt  to  2-D  Transformation:  Avrami  plots  of  the  data  for  this  transformation  are 
shown  in  Figure  8.  An  average  value  of  n  -  2.02*0.12  was  obtained  for  the  nucleation 
parameter.  Photomicrographs  of  this  transformation  showed  the  primary  nucleation  to 
heterogeneous.  These  factors  indicate  that  the  growth  geometry  of  the  crystallites  is  two 
dimensional  in  nature.  Values  for  k  were  determined  at  a  fractional  conversion  of  0.3  for  an  n  of 
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2.  Plots  of  In  k  versus  1/T^T  and  1/T^T2  are  shown  in  figure  9.  As  is  apparent  the  rate 
constants  increase  substantially  over  the  small  crystallization  range  as  the  undercooling 
increases,  and  this  behavior  is  attributable  to  nucleation  control  of  the  transformation  via  the 
primary  and/or  secondary  nucleation  steps.  Since  the  plot  of  In  k  vs.  1/TgAT  is  linear,  yielding  a 
slope  of  -253,000,  equation  9  was  used  to  analyze  the  data.  The  product  of  the  surface  tree 
energies,  oo8,  is  5.0  ergs2/cm4,  for  AH  =  1.95  cal/cm3  and  bQ  =  18.1  A.  Here  aae  is  of  the  same 
order  of  magnitude  as  in  PBFP  and  is  several  orders  of  magnitude  below  that  found  for  normal 
homopolymers. 

Although  PBFP  and  PB(4-Ph)PP  display  similar  mechanisms  for  the  isotropic  to  2-D 
transformation,  a  significantly  larger  undercooling  is  necessary  to  drive  the  transformation  in 
PB(4-Ph)PP.  This  is  also  reflected  in  the  product  of  the  surface  free  energy  terms  which  indicate 
that  less  energy  is  needed  to  overcome  the  barriers  to  nucleation  in  PBFP  compared  to  PB(4- 
Ph)PP.  Obviously  the  -phenylphenoxy  side  group,  being  much  bulkier  than  the  -trifluoroethoxy 
sidegroup,  inhibits  the  incorporation  of  new  chains  into  a  crystalline  lattice. 

(b)  2-D  to  3-D  Transformation:  Avrami  n  and  k  data  for  this  transformation  were  generated 
from  the  Avrami  plots  of  figure  10.  An  average  n  of  2.08±0.12  was  obtained  and  values  of  k 
were  determine  at  a  fractional  conversion  of  0.25.  Plots  of  In  k  vs  1/T^T  and  1/TCAT2  were 
made  and  are  shown  in  figure  11.  The  low  supercooling  end  of  the  plot  versus  1/TcAT  yielded  a 
slope  of  -189,000  K2.  As  shown  the  rate  constants  for  this  transformation  increase  significantly 
with  increasing  undercooling.  This  behavior  is  characteristic  of  nucleation  controlled  crystal 
growth  and  is  associated  with  heterogeneous  nucleation.  This  factor  coupled  with  an  n  of  2 
indicates  the  growth  occurs  two  dimensionally  from  heterogeneous  nudei  as  found  in  PBFP. 

Utilizing  equation  9  the  surface  free  energy  product,  oo#,  was  estimated  to  be  42.1  ergs2/cm4 
for  AH  -  27.7  cal/cm3,  bQ  -  1 8.3  A,  and  z  -  2.  This  product  is,  as  for  the  same  transformation  in 
PBFP,  larger  than  that  obtained  for  the  isotropic  to  2-D  mesophase  transition,  yet  is  at  least  an 
order  of  magnitude  less  than  that  obtained  for  the  isotropic  to  crystalline  transformation  in  normal 
homopolymers  of  comparable  enthalpy  of  transition. 

Compared  to  PBFP,  PB(4-Ph)PP  crystallizes  at  larger  undercoolings  with  a  smaller  change  in 
rate  over  a  comparable  crystallization  temperature  range,  and  the  surface  free  energy  product  for 
PB(4-Ph)PP  is  larger  than  that  obtained  for  PBFP  for  this  transition.  Consequently,  the 
-phenylphenoxy  side  group,  which  is  bulkier  than  the  -trifluoroethoxy  side  group,  inhibits 
crystallization,  a  result  similar  to  the  isotropic  to  2-D  transformation. 

CONCLUSIONS 

The  mechanisms  for  the  nudeation  and  growth  of  PBFP  and  PB(4-Ph)PP  have  been 
established  for  (1)  the  isotropic  to  2-D  thermotropic  mesophase  and  for  (2)  the  2-D  thermotropic 
mesophase  to  3-D  crystal  transformations.  The  product  of  the  surface  free  energies,  ooe,  for 
both  transformations  have  been  estimated  to  be  at  least  an  order  of  magnitude  less  than  the 
values  usually  observed  for  the  Isotropic  to  crystalline  transformation  in  normal  homopolymers. 
The  small  undercoolings  necessary  to  crystallize  these  samples  and  the  extremely  large 
dependence  of  the  rate  parameter  on  undercooling  indicate  that  relatively  small  forces  must  be 
overcome  for  the  crystallization  of  these  polymers  in  both  transformation  regions. 
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Difficulties  encountered  in  measuring  crystallization  transformations  using  the  DSC  technique 
have  been  mitigated  by  procedures  introduced  in  this  work,  namely  the  short  time  extent  of 
conversion  recovery  using  a  (i)  baseline  subtraction  technique  and  (ii)  a  recrystallization/reheatirg 
technique.  This  article  shows  that  the  initial  portion  of  crystallization  may  be  recovered 
satisfactorily.  In  general  the  techniques  should  have  wide  application  for  kinetic  measurements 
using  the  DSC. 
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Table  1 :  Characterization  data  of  the 
two  samples,  PBFP  and  PB(4-Ph)PP. 


density  (y  -  (arm)* 

mat  Ocfl  dimension*  (y-form) 

■ait  cell  dim— «o—  (teu|onil  Eora»)“ 
mrsophasc  — noon  mw— >T(|) 

AHf  «T« 

AHf  at  T(l) 


rarr 

DPT 

1.7  (fcm3 

«o 

20.60  A 

414  A 

9.40  A 

ltj  A 

C. 

416  A 

*47  A 

1M  A 

tit  A 

»9J  «C 

11*4  *C 

144.1  *C 

mu  *c 

-640  *C 

jro  *c 

0.9  1-5  c* Ifg 

12.4  alfe  21.3  caVg 


Table  2:  Functions  for  aG*  for 
several  modes  of  nudeation  based 
on  a  rectangular  equilibrium  shape. 

3-D  Primary  Nucleation  2-D  Primary  Nucleation 


AG'hom  ”  32a2o#/6f2 


AG 


4/2oAO 


AG  ^  -  32oAoo>/5f2  AG 


4 /V 


*»»n 

Coherent  Secondary  Nucleation 
AG*  «=  4b0ool/5f 


where 

51  -  AHjAT/Tm° 


Figure  Legends 

Figure  1 :  The  basic  alternating  phosphorous-nitrogen  structure  of  the 
poly(phosphazene)  polymer. 

Figure  2:  DSC  Avrami  plots  for  the  isotropic  to  2-D  mesophase 
transition  of  PBFP. 

Figure  3:  DLI  Avrami  plots  for  the  isotropic  to  2-D  mesophase 
transformation  of  PBFP. 

Figure  4:  Plots  of  In  k  versus  1/TCAT  and  1/TCAT2  for  the  isotropic  melt 
to  2-D  transformation  of  PBFP  (DSC  method). 

Figure  5:  Plots  of  In  k  versus  1/TCAT  and  1/TCAT2  for  the  isotropic  melt 
to  2-D  transformation  of  PBFP  (DLI  method). 

Figure  6:  DSC  Avrami  plots  for  the  2-D  hexagonal  to  3-D  orthorhombic 
transition  of  PBFP. 

Figure  7:  Plots  of  In  k  versus  1/TCAT  and  1fTcAT2  for  the  2-D  to  3-D 
transformation  of  PBFP. 

Figure  8:  DLI  Avrami  plots  for  the  isotropic  to  mesophase 
transformation  of  PB(4-Ph)PP. 

Figure  9:  Plots  of  In  k  versus  1/TCAT  and  1/TcaT2  for  the  isotropic  melt 
to  2-D  transformation  of  PB(4-Ph)PP. 

Figure  10:  DLI  Avrami  plots  for  the  2-D  mesophase  to  3-D  fully  ordered 
crystal  crystallization  transformation  in  PB(4-Ph)PP. 

Figure  11:  Plots  of  In  k  versus  1/TCAT  and  1fTcAT2  for  the  2-D  to  3-D 
transformation  of  PB(4-Ph)PP. 
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Figure  3:  Avrairi  plots  for  the  various  crystallization  temperatures  shown  for 
the  isotropic  to  2-D  mesophase  transformation  of  PBFP 
for  the  DLI  method. 


10 


11 


LN  Ik)  (LN  sec 

-15.3  -U.3  -13.3  -12.3  -11.3  -1C 


Figure  5:  Plots  of  In  k  versus  l/TgAT  and  1/TgAT2  for 
the  isotropic  melt  to  2 -D  transformation  of  PBFP  (DLI  method). 
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Figure  6:  :  Avrami  plots  for  the  various  crystallization  temperatures  shown  for 
the  2-D  hexagonal  to  3-D  orthorhombic  transition  of  PBFP. 
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Figure  7:  Plots  of  In  k  versus  l/TjAT  and  l/TjAT2 
for  the  2-D  to  3-D  transformation  of  PBFP. 
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Figure  8:  Avrami  plots  for  the  various  crystallization  temperatures  shown  for 
the  isotropic  to  mesophase  transformation  of  DPP  via  the  DLI  method. 
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Figure  9:  plots  ofInk  versus  i/r^T  and  1/TC AT2 
for  the  isotropic  to  2-D  mesophase  transformation  of  DPP. 
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Figure  10:  Avrami  plots  for  the  various  crystallization  temperatures  shown 
"  for  the  2-D  mesophase  to  3-D  fully  ordered  crystal  crystallization 

transformation  of  DPP  obtained  via  the  DLI  method. 
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